Abstract: Wheat (Triticum aestivum L.) grain quality is determined by multiple physical and chemical attributes. However, previous studies mainly focused on protein quantity and composition, which may not be adequate for understanding grain quality, especially end-use quality. Field experiments were conducted at two locations for two years to better understand how and to what extent water and nitrogen (N) availability affect flour end-use quality. Four drought stress levels (i.e., mild, moderate, severe, and well-watered) and four N rates (i.e., zero, low, medium, and high) were applied to two spring wheat cultivars (i.e., Dayn and Egan). Evaluated end-use quality traits, including milling quality, mixograph parameters, flour protein and gluten contents, solvent retention capacity (SRC), and baking quality. Most end-use quality parameters were not significantly different between the well-watered treatment and mild drought stress in both cultivars. Nitrogen availability above the low rate (168 kg N ha −1 ) failed to further improve most end-use quality traits in either cultivar. Among all the end-use quality traits, lactic acid SRC may be a reliable indicator of flour end-use quality. These results indicate that mild drought stress (i.e., a 25% reduction in irrigation throughout the growing season) may not negatively affect end-use quality and excessive N fertilization offers minimal improvement in end-use quality. Such information could facilitate the development of irrigation and fertilization guidelines targeting at grain quality.
Introduction
Wheat (Triticum aestivum L.) is one of the most important food crops worldwide [1] . Due to the distinctive viscoelastic properties of the dough, wheat has been utilized for various food products such as bread, cookies, cakes, and noodles, consisting of approximately 20% of calories and proteins in the human diet [2, 3] . Thus, both optimum grain yield and consistent quality should be achieved to meet the food demand.
Wheat grain quality is mainly determined by endosperm texture (i.e., grain hardness), protein content, and gluten strength [4] , which are affected by genetics and environment, as well as their interaction [5] [6] [7] [8] [9] [10] [11] . For instance, grain protein content and gluten strength are related to loci for high molecular weight glutenin subunits (e.g., Glu-A1, Glu-B1, Glu-D1) and the introgression of high grain protein genes (e.g., Gpc-B1) [12] [13] [14] . Among the many environmental factors affecting wheat quality, the availability of water and nitrogen (N) is often the most influential [15] [16] [17] [18] [19] . It has been widely reported that grain protein content increases under drought stress [15, [20] [21] [22] ; however, responses of gluten-related parameters to reduced water availability are not consistent among previous studies. For instance, Saint Pierre et al. [19] and Guttieri et al. [15] reported that reduced irrigation did not affect mixograph parameters (e.g., mixograph peak height, an indicator of gluten strength) among various wheat genotypes, whereas Ozturk and Aydin [23] observed increased gluten strength and wet gluten content in response to late season drought stress compared to the full irrigation treatment. Inconsistent results may be partially attributable to varied intensity and duration of drought stress and different cultivars/genotypes adopted in previous studies.
Grain protein content generally increases with N fertilization, resulting in increased gliadins and glutenins, the two major components of gluten [15] [16] [17] [18] [19] . However, agreement on responses of gluten properties to N availability has not been achieved from previous studies. For instance, Saint Pierre et al. [19] observed decreased mixograph peak time in response to increased N fertilization, while Guttieri et al. [15] reported the opposite results. The lack of consistency may result from genetic diversity (e.g., variation in protein composition) as well as environmental heterogeneity [16] [17] [18] [19] 24] .
Wheat grain quality is determined by a combination of physical and chemical parameters. Many of the previous studies focused on protein quantity and composition [16, 17] , which may not be adequate for understanding grain quality, especially the end-use quality. Other grain quality attributes, such as milling quality and gluten strength, need to be evaluated for their suitability as reliable grain quality indicators. In addition, there is still limited knowledge on how and to what extent water and N availability affect wheat quality attributes other than grain protein, particularly milling quality, mixograph parameters, and bread-baking quality, in various environments. Such knowledge will greatly facilitate water and N management in wheat production to achieve optimal end-use quality, as most irrigation and fertilization guidelines are targeted at grain yield rather than grain quality. For better understanding of the effects of water and N availability on grain quality (e.g., milling quality, protein, mixograph parameters, and baking quality), we examined two spring wheat cultivars in response to different drought stress levels and N application rates and analyzed the relationships between grain quality parameters in two environments in the Northwestern U.S. Table 1 . The preceding crop was potato (Solanum tuberosum L.) in the 2016 experiment, and the field for the 2017 experiment was fallowed in the previous year at AREC. At NWARC, alfalfa (Medigo sativa L.) and Barley (Hordeum vulgare) were the preceding crops for experiments in 2016 and 2017, respectively. Soil residual N at each site and each year was rated as "low" to "medium" according to the soil testing reports, which allows additional N fertilizer application according to University of Idaho [25] and Montana State University [26] fertilizer guidelines for spring wheat. 1 Soil pH was analyzed using 1:1 soil/water ratio (w/v). 2 Soil organic matter (OM) was analyzed using the weight-loss-on-ignition method. 3 Inorganic N (i.e., NH 4 − and NO 3 − N) was extracted using 0.2 M KCl solution and analyzed using colorimetric method. Mineralized N from OM was estimated at a rate of 16.8 kg N ha −1 for each percent of OM exceeding 2% [26] . Estimated N credit from alfalfa as a preceding crop is 39.2 kg N ha −1 [25] . 4 Soil P, K, and SO 4 2− -S were extracted using 0.5 M NaHCO 3 , 1 M NH 4 OAc, and 0.2 M KCl solution, respectively, and analyzed using inductively coupled plasma-optical emission spectrometer (ICP-OES). 5 N/A: no applicable.
Materials and Methods

Site Description
Experimental plots were 3.0 × 6.1 m with 18-cm row spacing, and the seeding rate was 2,500,000 seeds ha −1 for both locations. A hard white spring wheat (cv. 'Dayn') and a hard red spring wheat (cv. 'Egan') were planted at the AREC and NWARC, respectively. Dates of planting and harvesting were 12 April and 29 July in 2016 and 22 April and 22 August in 2017 at the AREC, and 22 April and 18 August in 2016, and 3 May and 11 August in 2017 at the NWARC. Rainfall during the growing seasons, quantity of irrigation for the well-watered treatment (see below), and minimum and maximum daily air temperature at each site and each year are illustrated in Figure 1 . Ten-year (2005 Ten-year ( -2015 mean rainfall during the growing season of spring wheat (May-August) is 66 and 186 mm at the AREC and NWARC, respectively. Therefore, rainfall in this study are considered "normal", except for the 2017 season at the NWARC, which is~60% lower than the 10-year mean value. 
Experimental Design
At both the AREC and NWARC, the experiment was established following a split-plot design with four replications in each year. The main plot factor was drought stress, including a well-watered treatment, as well as mild, moderate, and severe drought stress levels, which were achieved through irrigation at 100, 75, 50, and 0% of crop evapotranspiration (ETc) replenishment throughout the 
At both the AREC and NWARC, the experiment was established following a split-plot design with four replications in each year. The main plot factor was drought stress, including a well-watered treatment, as well as mild, moderate, and severe drought stress levels, which were achieved through irrigation at 100, 75, 50, and 0% of crop evapotranspiration (ET c ) replenishment throughout the growing season. Daily ET c was calculated by multiplying daily atmospheric grass-referenced evapotranspiration (ET o ) with crop coefficient (K c ). Daily ET o was retrieved from the AgriMet Cooperative Agricultural Weather Network weather stations located within 1 km of each experimental site. The K c values for key growth stages of spring wheat were obtained from Allen et al. [27] and daily K c was calculated using a linear interpolation method. Irrigation was applied via surface dripping systems when 35% of the plant available water in the soil was depleted [28] . Irrigation was terminated at Zadoks 77-83 stages (i.e., late milking to soft dough stages) [29] . At AREC, seasonal water intake from rainfall and irrigation in 2016 was 371 ( Figure 1A) , 295, 220, and 68 mm for the well-watered treatment, and mild, moderate, and severe drought stresses, respectively; and 444 ( Figure 1B) , 347, 250, and 55 mm in 2017. At NWARC, seasonal water intake in 2016 was 284 ( Figure 1C) , 252, 221, and 157 mm for the well-watered treatment, and mild, moderate, and severe drought stresses, respectively; and 228 ( Figure 1D ), 190, 152, and 76 mm in 2017.
Nitrogen rate was the subplot factor, including zero, low, medium, and high N rates. The zero N rate represented soil residual N ( Table 1 ). The low, medium, and high N rates targeted 168, 224, and 280 kg N ha −1 , from soil residual N and N application. The high N rate was developed based on the guidelines of University of Idaho [25] and Montana State University [26] for crop fertilization under irrigated conditions. To achieve grain yield of 8070 kg ha −1 , total required N (from soil residual N and N application) is 269 kg N ha −1 in southern Idaho, and to achieve grain yield of 6725 kg ha −1 , the total required N is 370 kg N ha −1 in Montana. Since the N recommendation is surprisingly high in Montana, 280 kg N ha −1 was used as the high N rate at both AREC and NWARC. Phosphorus and potassium were supplied as monoammonium phosphate (11-52-0) and potassium chloride (0-0-60) according to soil test results from each site and year and following the guidelines [25, 26] . The N input from monoammonium phosphate was counted toward N application, and urea (46-0-0) was applied to bring N input to the targeted low, medium, and high N rates. All fertilizers were top-dressed at seven days after emergence at the AREC, and was incorporated prior to planting at the NWARC. Herbicides, fungicides, and insecticides were applied as needed.
Grain Yield, Test Weight, and End-Use Quality Analysis
Plots were harvested after physiological maturity using a Wintersteiger Classic small-plot combine (Wintersteiger Inc., Salt Lake City, UT, USA) at both the AREC and NWARC, and grain yield (Mg ha −1 ) and test weight (TW, kg hL −1 ) were reported on 12 and 13.5% of moisture basis, respectively. All end-use quality traits were determined at the Wheat Quality Laboratory, University of Idaho, Aberdeen, ID. Grain samples were ground using a Brabender Quadrumat Senior laboratory mill (C.W. Brabender Instruments, Inc., South Hackensack, NJ, USA), and flour yield (FY, %) was calculated as the percentage of flour produced from the grain. Grain hardness (GH), flour protein content (FP, %), and flour ash content (FA, %) were determined using a PerCon Inframatic 8611 Near-infrared Spectroscopy Analyzer (Perten Instruments, Springfield, IL, USA) according to the American Association of Cereal Chemists (AACC) method 39-70, 39-11, and 08-01A, respectively [30] . The contents of flour protein and ash were reported on a 14% of moisture basis. Ash content indicates how well the flour separates from the bran, and a low ash content is often a high priority among millers to get white flours. Mixograph (National MFG Co., Lincoln, NE, USA) peak time (MPT, min) and height (MPH, cm) reflect the time to achieve optimum mixing and dough strength, respectively, and were determined according to modified AACC method 54-40 with 10 g of flour. Shorter mixing time is usually preferred for baking. Bread-baking test was conducted according to AACC method 10−10B, and baking loaf volume (LV, cm 3 ) was measured by rapeseed displacement. Solvent retention capacity (SRC) with deionized water (water SRC, %), 5% sodium carbonate (Na 2 CO 3 SRC, %), 5% lactic acid (lactic acid SRC, %), and 50% sucrose (sucrose SRC, %) is indicative of overall water absorption, damaged starch, gluten strength, and arabinoxylan and partially hydrated gliadin content, respectively [15] . The SRCs were determined according to Guttieri et al. [31] and adjusted to a 14% of moisture basis. Wet gluten content (WG, %) and gluten index (GI) were analyzed by Wheat Quality and Carbohydrates Research Laboratory, North Dakota State University, according to AACC method 38−12.02 using a Glutomatic system (Perten Instruments, Springfield, IL, USA).
Statistical Analysis
Data from the AREC and NWARC were analyzed separately using the generalized linear mixed model (Pro GLIMMIX) in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). Fixed effects included drought stress, N rate, and their interaction, while year, block, and block × drought stress interaction nested within each year were treated as random effects. To test for differences among fixed effects, the Tukey-Kramer adjustment was applied for multiple comparisons at a significance level of 0.05. Pearson correlation analyses were performed among end-use quality parameters (Pro CORR). All figures and linear regressions were generated using SigmaPlot (version 13.0, Systat Software, San Jose, CA, USA).
Results
Grain Yield and Test Weight
Grain yield was gradually enhanced by increasing water availability (i.e., less severe drought stress) in both cultivars (Tables 2 and 3 ). Compared to the well-watered treatment, mild drought stress resulted in a grain yield loss of 8.7 and 9.3% in Dayn and Egan, respectively, but the yield reduction was not statistically significant in Dayn. Relative to the zero N treatment, N application increased grain yield of Dayn by 2-11%, but this improvement was not statistically significant. Grain yield showed minimal response to N application in Egan.
Test weight increased with increasing water availability, but tended to decrease with increasing N rate in both Dayn (Table 2) and Egan (Table 3 ). No significant difference was observed in TW between the well-watered treatment and mild drought stress or between medium and high N rates. 
Milling Quality
Dayn had greater GH under the high N rate than the low and zero rates, but it was not affected by drought stress (Table 2) . Its FY was greater under mild and moderate drought stress than severe drought stress, but did not differ among N rates. Greater FA was observed in Dayn under severe drought stress than the other three drought stress levels, and the medium and high N rates produced greater FA than the zero N rate.
Egan showed a higher GH under moderate drought stress than the well-watered treatment, but its FA did not differ among drought stress levels (Table 3) . Nitrogen application generally increased both GH and FA. Egan's FY was greater under the well-watered treatment and mild drought stress than severe drought stress, while the zero N rate produced a higher FY than the other three rates.
Flour Protein, Wet Gluten, and Gluten Index
Dayn's FP and WG generally increased with drought stress severity ( Table 2 ), but those of Egan were not affected by drought stress ( Table 3) . Application of N (e.g., the medium and high N rates) increased both FP and WG in both cultivars, especially when compared with the zero N rate. Dayn's GI was not affected by drought stress or N rate. In Egan, GI was not affect by drought stress, whereas the zero N rate produced greater GI than the other three N rates.
Dough Rheological Properties
In both Dayn and Egan, MPT under severe drought stress was the greatest among the four drought stress levels, but it was not affected by N rate in either cultivar (Tables 2 and 3) . Dayn also showed greater MPH under severe drought stress relative to the other drought stress levels, but the opposite trend was observed in Egan. In both Dayn and Egan, lower MPH was measured under the zero N rate relative to other rates.
Solvent Retention Capacity
Dayn had greater lactic acid and sucrose SRCs under severe drought stress compared to mild drought stress and well-watered conditions (Table 2) . Its water and Na 2 CO 3 SRCs were not influenced by drought stress, and none of its SRCs were notably affected by N rate.
Egan showed greater water SRC under severe drought stress than the well-watered treatment, and lactic acid SRC under mild drought stress and well-watered conditions was greater than severe drought stress (Table 3) . Neither Na 2 CO 3 or sucrose SRC was influenced by drought stress. Egan produced greater water SRC under medium and high N rates than the zero and low N rates. Its lactic acid and sucrose SRCs under the zero N rate were generally greater than treatments with N application, whereas Na 2 CO 3 SRC was not affected by N rate.
Correlations among End-Use Quality Traits
Flour protein content linearly decreased with increasing grain yield in Dayn (Figure 2) . However, Egan's FP remained relatively consistent as its grain yield increased from 2 to 7 Mg ha −1 .
In both Dayn and Egan, FA was positively correlated with GH, but negatively correlated with FY (Tables 4 and 5 ). Strong correlations (e.g., r > 0.7) between FP and WG were shown in both cultivars. Dayn' FP was positively correlated with MPT, MPH, all four SRCs, and LV, whereas Egan's FP showed a negative correlation with lactic acid SRC and a lack of correlation with LV. Both cultivars' GIs were negatively correlated with WG, but not correlated with LV in either cultivar. Positive correlations were found between lactic acid SRC and LV, as well as between water SRC and Na 2 CO 3 SRC in both cultivars. In both Dayn and Egan, FA was positively correlated with GH, but negatively correlated with FY (Tables 4 and 5 ). Strong correlations (e.g., r > 0.7) between FP and WG were shown in both cultivars. Dayn' FP was positively correlated with MPT, MPH, all four SRCs, and LV, whereas Egan's FP showed a negative correlation with lactic acid SRC and a lack of correlation with LV. Both cultivars' GIs were negatively correlated with WG, but not correlated with LV in either cultivar. Positive correlations were found between lactic acid SRC and LV, as well as between water SRC and Na2CO3 SRC in both cultivars. 
Discussion
Effects of Drought Stress on Grain Yield and Flour End-Use Quality
The current study found that grain yield generally decreased with the severity of drought stress in both Dayn and Egan. Mild drought stress (i.e., 75% ET c replenishment or 25% of reduction in irrigation throughout the growing season) resulted in approximately 9% of grain yield reduction relative to the well-watered treatment (i.e., 100% ET c replenishment), but the yield reduction was not statistically significant in Dayn, suggesting mild drought stress or well-regulated deficit irrigation has minimal influence on wheat grain yield [28, 32] . In addition, most end-use quality parameters were notably affected by drought stress, but few parameters differed between mild drought stress and the well-watered treatment, suggesting that mild drought stress throughout the entire season does not significantly affect flour end-use quality.
Flour or grain protein content and grain yield are often negatively associated, possibly due to the dilution effect [15, 20, 22] . Similar results were observed in Dayn in the current study; however, Egan was able to maintain relatively constant FP and WG regardless of improved grain yield at less severe drought stress. Egan carries a gene for high grain protein, Gpc-B1, which was introgressed from wild emmer wheat (Triticum turgidum ssp. Dicoccoides) [13] . In genotypes carrying the Gpc-B1 gene, increased levels of soluble protein and amino acids in flag leaves at anthesis and improved translocation from leaves to developing seeds have been observed [33] [34] [35] . Under optimal irrigation and fertilization conditions, genotypes carrying the Gpc-B1 gene could achieve both optimal grain yield and protein [12] , but there is lack of information from previous studies on their performance under suboptimal conditions. The current study indicates that Egan carrying the Gpc-B1 gene, is able to produce high protein (15.5-15 .7%) at various water regimes, which surpasses the premium market quality of grain protein content for hard red spring wheat (i.e., 14%) in the U.S.
Effects of N Application on Grain Yield and Flour End-Use Quality
Although current fertilizer guidelines in southern Idaho and Montana suggest N fertilization for spring wheat in the current study [25, 26] , inevident grain yield response to N application was observed. Similar trend also occurred for the aboveground biomass and N concentration in straw at harvest (data not shown). These results indicate that continuous N fertilization has built up soil N fertility and soil residual N might be sufficient for optimum grain yield. Furthermore, N uptake or N use efficiency has been genetically increased by breeding efforts for improving grain yield over the last a few decades, so the N requirement for optimal yield in recently released cultivars may need to be adjusted accordingly [36, 37] . A recent study also reported that surplus N beyond 80 kg N ha −1 , which is similar to the medium N rate in the current study, failed to offer further benefits to grain yield and quality [38] . Although there is a lack of grain yield response to applied N, most end-use quality traits were notably affected by N rate, especially between treatments with and without N addition (i.e., zero N rate).
Flour produced with high N availability (e.g., medium and high N rates) absorbed more water (i.e., higher water SRC) than low N availability (e.g., low and zero N rates), especially in Egan, which agrees with findings of Boehm et al. [39] and Guttieri et al. [15] . It has been reported that approximately 90% of the variation in water absorption can be explained by differences in protein and damaged starch contents [40, 41] . In the current study, increased water absorption is likely due to increased FP following N application as well as changes in the composition of flour protein. Wieser and Seilmeier [24] observed increased proportions of hydrophilic proteins (e.g., ω-gliadins and high-molecular-weight subunits of glutenin) and reduced proportions of hydrophobic proteins (e.g., γ-gliadin and low-molecular-weight subunits of glutenin) at increased N supply. In addition, damaged starch, measured by Na 2 CO 3 SRC, is more hydrophilic than undamaged starch and absorbs a greater amount of water [42, 43] . These findings may explain the positive correlations between water SRC and Na 2 CO 3 SRC in the current study.
Relationships among End-Use Quality Parameters
In the current study, GI showed inconsistent correlations with FP and lacked correlation with LV, which agrees with findings of Mutwali et al. [44] . It should be thus discreet when using GI for evaluating flour quality [45, 46] . However, as one of the gluten strength parameters, lactic acid SRC was closely correlated with LV, which agrees with findings of Li et al. [47] and Xiao et al. [48] . Therefore, lactic acid SRC may be used as a reliable indicator for evaluating gluten strength and predicting baking loaf volume, especially when the amount of flour samples is limited [48] .
Flour protein is one of the most determinant parameters of wheat end-use quality and has been found to be positively correlated with mixograph parameters (e.g., MPT and MPH), SRCs, and LV [47, 48] . However, Egan's FP showed a negative correlation with gluten strength (i.e., lactic acid SRC) and a lack of correlation with LV. This may be attributable to Egan's high FP (>15%), as Rharrabti et al. [49] found a negative correlation between grain protein and gluten strength when protein content is high (e.g., 13-16%). These results suggest that the role of FP in determining end-use quality varies with protein content levels and might be less dominant when FP is high. Besides the quantity of flour protein, gluten strength and bread-making performance are also determined by the composition of flour protein, especially the high molecular weight subunits of glutenins [14, 16] . Despite the increase in grain protein content due to the introgression of the Gpc-B1 gene (in Egan) [12, [33] [34] [35] , little information is available regarding effects of this gene on gluten properties. Research in such areas may be necessary and could greatly facilitate breeding programs for improving grain protein content and gluten strength simultaneously.
Conclusions
The current study found that mild drought stress (i.e., a 25% of reduction in irrigation throughout growing season) had minimal effects on wheat grain yield and flour end-use quality in the two evaluated spring wheat cultivars, Dayn and Egan. Most end-use quality traits were affected by N rate in both cultivars, but N rates above the low rate (i.e., 168 kg N ha −1 ) offered minimal further improvement on flour end-use quality. Among all the end-use parameters, lactic acid SRC may serve as a reliable indicator of grain quality for hard spring wheat. Results from the current study could facilitate the development of irrigation and fertilization guidelines targeting at grain quality, as well as provide reference on the reliability of different parameters for evaluating flour end-use quality.
